One of the most rewarding moments in science arises when research on seemingly disparate processes begins to reveal a broad, common principle. Such a confluence has occurred recently in the study of several etiologically unrelated brain diseases that display distinct symptoms and pathologies. In a growing number of neurodegenerative disorders, the accumulation of oligomeric assemblies of misfolded proteins is known to induce injury gradually to diverse neuronal populations. Perhaps the foremost example of this phenomenon, both historically and in terms of its societal impact, is Alzheimer disease (AD).
of Aβ) plus the APP intracellular domain (AICD). The latter has proved exceedingly difficult to detect but was recently localized to both cytoplasm and nucleus (7) (8) (9) . Alternatively, other APP holoproteins can be cleaved 16 residues N-terminal to the α-secretase site by a novel membrane-anchored aspartyl protease called β-secretase (or BACE1) (reviewed in ref. 10 ). This scission creates C99, which is similarly processed by γ-secretase to yield Aβ and AICD. Precisely where in the cell the β-and γ-secretases cleave APP is unsettled. Considerable evidence favors recycling endosomes, but the transGolgi network and secretory vesicles and perhaps even earlier secretory compartments (the endoplasmic reticulum and the cis-Golgi stacks) represent additional candidates (see, for example, ref. 11) .
It should be borne in mind that the APP-processing events just summarized are entirely normal and occur to varying degrees in virtually all neural and non-neural cells throughout the body. Certain genetic defects that cause autosomal dominant AD, such as mutations in APP or the presenilin (PS) genes PS1 and PS2, augment the amyloidogenic pathway of APP processing in all cells in a way that favors production of the highly self-aggregating Aβ1-42 variant over the slightly shorter and less hydrophobic Aβ1-40 form. Aβ1-42 normally comprises only about 5-10% of total secreted Aβ peptides, but this fraction rises to about 15-40% when either APP or PS is mutant.
Presenilin: an AD gene product constitutes the active site of γ-secretase The recognition that familial AD is genetically heterogeneous was followed by the discovery of PS1 and PS2, mutations that may be responsible for roughly a third of the cases of early-onset (<65 years), autosomal dominant AD (reviewed in ref. 12 ). More than 90 missense mutations identified to date in PS1 and at least six in PS2 cause the most aggressive forms of familial AD yet recognized, with some PS1 mutations producing symptoms of dementia as early as the twenties. Presenilins A single membrane-spanning domain (TM) at amino acids 700-723 is indicated by the vertical dotted lines. The Aβ fragment includes 28 residues just outside the membrane plus the first 12-14 residues of the TM domain. In the second line, the sequence within APP that contains the Aβ and TM regions is expanded. The underlined residues represent the Aβ1-42 peptide. The blue letters below the wildtype sequence indicate the currently known missense mutations identified in certain patients with AD and/or hereditary cerebral hemorrhage with amyloidosis. The three-digit numbers are codon numbers (βAPP770 isoform). In the third line, the arrow indicates the site (after residue 687) of a cleavage by α-secretase that enables secretion of the large, soluble ectodomain of APP (APP s -α) into the medium and retention of the 83-residue C-terminal fragment (C83) in the membrane. C83 can undergo cleavage by the protease called γ-secretase at residue 711 or residue 713 to release the p3 peptides. The fourth line depicts the alternative proteolytic cleavage after residue 671 by β-secretase that results in the secretion of the slightly truncated APP s β molecule and the retention of a 99-residue C-terminal fragment. C99 can also undergo cleavage by γ-secretase to release the Aβ peptides. Cleavage of both C83 and C99 by γ-secretase releases the AICD into the cytoplasm.
appear to have eight TM domains (13) and to be cleaved soon after their synthesis into two unequal fragments, which remain associated and form a heterodimer in vivo ( Figure 2 ). The AD-causing mutations are principally located within or adjacent to the TM segments, and they are presumed to distort the precise conformation of the molecule within the membrane. All AD-causing PS mutations expressed to date in cultured cells and/or transgenic mice increase the production of the Aβ42 peptide. When such mice are crossed with mice expressing AD-causing mutations in human APP, the cerebral Aβ deposition that occurs in the latter mice is substantially accelerated (reviewed in ref. 14) .
How do missense mutations in PS enhance the amyloidogenic processing of APP? The first clue came from deletion of the Ps1 gene in mice, which resulted in markedly altered skeletal and brain development in utero and perinatal mortality (15, 16) . Embryonic neurons cultured from Ps1 -/-mice showed a striking 60-70% decrease in total Aβ production, of both Aβ40 and Aβ42 (17) . Also, a small fraction of APP molecules was found to coimmunoprecipitate with PS1 (18) , suggesting that the two form transient complexes and that PS and APP localize in part to the same subcellular vesicles (19) . Separate work using designed peptidomimetic inhibitors of γ-secretase suggested that this unknown enzyme had the properties of an aspartyl protease (20) . Putting these and other observations together, our laboratory hypothesized that presenilin might actually be the γ-secretase. Close inspection of the sequence of presenilin revealed two conserved aspartate residues in adjacent TM domains (6 and 7) of all PS family members. Mutation of either aspartate in PS1 decreased cellular Aβ secretion by approximately 60%, akin to the effect of knocking out the entire PS1 gene (21) . The coexpression of PS2 that also had one of its TM aspartates mutated reduced cellular Aβ secretion to undetectable levels (22) .
We interpreted these results to suggest that the two aspartates constituted the active site of γ-secretase, an unprecedented intramembranous aspartyl protease that is activated by an autoproteolytic cleavage to create the biologically active heterodimeric form (21) . This conclusion was met with substantial skepticism, given the lack of precedent for a polytopic aspartyl protease with its active site in the membrane. However, the model we proposed was reminiscent of the observation that the socalled site 2 protease (a metalloprotease implicated in cholesterol homeostasis that is responsible for cleaving the sterol regulatory element-binding protein [SREBP] ) has its active site in the membrane (23) . Strong support for the model came from the subsequent finding that γ-secretase inhibitors designed to mimic the transition state of a substrate with an aspartyl protease bind directly to presenilin heterodimers and no other cellular proteins (24, 25) . Moreover, the region immediately around one of the two TM aspartates was found to be homologous to part of the presumed active site of a known bacterial aspartyl protease (26) . Most recently, a related intramembrane protease, called signal peptide peptidase, has been discovered to have these two TM aspartate
Figure 2
Hypothetical model of the role of PS in Notch and APP processing. The diagram shows the predicted eight-TM domain topology of PS, which occurs principally as a cleaved heterodimer. Some Notch and APP molecules form complexes with PS. Two aspartate residues (D) in TM6 and TM7 of PS are required for the cleavages of Notch and APP within their TM domains, and these are predicted to align with the respective sites of cleavage in the two substrates. It is likely that PS directly effects these cleavages, as part of a multi-protein complex (i.e.,γ-secretase). PS-mediated proteolysis of both Notch and APP is preceded by ectodomain shedding mediated by certain ADAM proteases. Alternatively, a subset of APP holoproteins can undergo ectodomain shedding by β-secretase. Several motifs are depicted in Notch: EGF-like repeats (yellow circles), LNG repeats (red diamonds), a single TM (orange box), the RAM23 domain (blue square), a nuclear localization sequence (red rectangle), and six cdc10/ankyrin repeats (green ovals). Following the putative intramembranous cleavage mediated by PS, the Notch intracellular domain is released to the nucleus to activate transcription of target genes. APP contains the Aβ region (light blue box), which is released into the lumen after sequential cleavages of APP by β-secretase and then γ-secretase/PS. Some of the AICD reaches the nucleus as well. motifs and to be capable of cleaving a substrate, thus providing very strong evidence that the presenilins are also intramembrane-cleaving aspartyl proteases (27) .
Presenilin requires at least three other membrane proteins (nicastrin, Aph-1, and Pen-2) as cofactors to confer proteolytic activity (W.T. Kimberly and D.J. Selkoe, unpublished observations). Definitive confirmation of PS1 and PS2 as γ-secretases should now be possible if the four interacting proteins, assembled in vitro, can be shown to reconstitute APP-cleaving activity. However, the existing lines of evidence for this model already strongly support the amyloid hypothesis (more correctly, the Aβ hypothesis) of AD causation (3) . Thus, all of the mutations identified in autosomal dominant forms of AD to date are found in either the substrate (APP) or the protease (PS) of the γ-secretase reaction. We speculate that each AD-causing missense mutation in PS subtly alters the conformation of one or more of its TM domains to decrease the interaction of the two TM aspartates with the Aβ40-41 peptide bond in the APP TM domain and/or increase the interaction with the Aβ42-43 peptide bond, resulting in a relative overproduction of the highly self-aggregating Aβ1-42 species throughout life.
Presenilins are also γ-secretases for Notch and other integral membrane proteins
As the work summarized above was proceeding, it became apparent that PS had another set of substrates, distinct from APP: the Notch family of cell-surface receptors (reviewed in ref. 28 ). Shortly after the human presenilins were cloned, the homologous gene product in Caenorhabditis elegans, sel-12, was shown to facilitate signaling by lin-12, the worm homologue of Notch (29) . Notch is a major regulator of cell-fate determination in all metazoans. The binding of protein ligands, such as Delta or Jagged, to the Notch ectodomain had been shown to activate Notch signaling, initiating the transcription of nuclear genes that are transactivated by the Notch intracellular domain (NICD) (reviewed in ref. 30) . How the cytoplasmic domain reached the nucleus was a matter of lively debate. Mounting evidence suggested that it did so as the result of two sequential proteolytic cleavages: first by ADAM 17 just 12 amino acids outside the TM domain (highly similar to the α-secretase cleavage of APP) and then by a γ-secretase-like scission within the Notch TM domain (31, 32) (Figure 2 ). Loss-of-function mutations in the Drosophila presenilin gene produced a phenotype closely resembling that of Notch mutants and prevented the generation of the NICD fragment (33, 34) . Furthermore, γ-secretase inhibitors lowered the proteolytic formation of NICD in a fashion indistinguishable from their effects on Aβ (35) . Similarly, deletion of both PS1 and PS2 in mammalian embryonic stem cells abolished both NICD production and Aβ secretion (36, 37) . The parallels between Notch and APP processing continue with the recent discovery that AICD participates in multiprotein complexes capable of driving gene transcription in the nucleus (38) . Thus, the normal function of APP, like that of Notch, may be as a signaling receptor, although its ligands and downstream targets remain to be determined.
Accumulating evidence from numerous laboratories now supports the concept that the presenilins are key molecular switches that allow the release of cytoplasmic signaling domains from various single-TM polypeptides (39) . Thus, work that began with a strict focus on the biology of AD has uncovered a unique proteolytic mechanism underlying what is likely to be a large number of signaling pathways. In this sense, one can postulate that AD arose in the human population because a highly conserved protein machine (the presenilin complex), which is crucial for developmental decisions in all multicellular organisms, has as one of its substrates a protein (APP), whose membranederived fragment can slowly aggregate and accumulate in the brain during postreproductive life. This accumulation occurs in virtually all older humans to some degree, and mutations in the substrate or the protease markedly accelerate the process, with devastating clinical consequences.
A benign fate for cerebral Aβ: degradation and clearance As with mutations that increase Aβ production, factors that decrease its clearance or enhance its aggregation might well underlie some forms of the Alzheimer syndrome. An example appears to be provided by the ADpromoting effects of inheriting one or two E4 alleles of apoE. Humans expressing apoE4 proteins show no evidence of a general increase in Aβ production; their plasma levels of Aβ seem not to be elevated, and even the coexpression of APP with each of the human apoE isoforms does not affect cellular Aβ generation. Instead, human neuropathological analyses (40), coupled with mouse modeling (41) , suggest that inheritance of apoE4 leads to a rise in the steady-state levels of Aβ in the brain, presumably by decreasing its clearance from the brain's extracellular space and/or enhancing its fibrillogenic potential. While the biochemical mechanism is not known, it is likely that apoE4-mediated rises in brain Aβ levels represent a clearance failure.
Another regulator of Aβ clearance is represented by the proteases in brain and non-neural tissues that are capable of degrading the peptide. This subject has only recently begun to receive experimental attention. While many purified proteases are capable of cleaving synthetic Aβ, only a few have so far been shown to do so under physiological conditions. Among these, neprilysin, a member of the neutral endopeptidase family of metalloproteases, is responsible for at least a portion of cerebral Aβ degradation in vivo, as shown by the injection of inhibitors in rats (42) and the deletion of the gene in mice (43) . Another candidate is insulindegrading enzyme (IDE), which can degrade synthetic Aβ in vitro (44) but which has also emerged as a major Aβ-degrading protease in an unbiased screen performed on naturally secreted Aβ in cell culture (45) . The degree to which IDE mediates Aβ degradation in vivo is currently under study. Interestingly, consideration of the IDE gene on chromosome 10q as a candidate AD locus led to the discovery of linkage of nearby DNA markers to late-onset AD in the National Institute of Mental Health registry of 435 AD families (46) . However, other studies have obtained evidence of AD linkage to 10q in a region considerably centromeric to IDE, so the identity of the putative AD genes on 10q awaits resolution. Genes for other Aβ-degrading proteases, including members of the plasminogen pathway, are also under active study (reviewed in ref. 47 ).
Another potential clearance mechanism for Aβ aggregates is the phagocytosis of amyloid fibrils by cerebral microglia and their subsequent degradation by acid hydrolases in late endosomes and lysosomes. While a contribution by this route is possible, microaggregates of synthetic Aβ42 shown to be internalized by cultured microglia and transported to lysosomes appear to be remarkably stable and to be degraded very slowly, leading to their severe accumulation inside cells (48) . Therefore, it is unclear whether attempted Aβ removal by this route is beneficial or rather induces a microglial-associated inflammatory response. Of related interest is the current debate as to whether the dramatic Aβ-clearing effects of active and passive Aβ immunization in mice (49, 50) are due to the clearance of Aβ-antibody complexes by local microglia or to the transport of such complexes out of the brain into the cerebrospinal fluid (CSF) and blood (51) .
A malignant fate for cerebral Aβ: aggregation
If Aβ peptides, particularly Aβ42, are overproduced or insufficiently cleared, they become prone to aggregation into stable oligomers and larger polymers, apparently culminating in mature amyloid fibrils. In vitro aggregation studies of pure, synthetic Aβ peptides of a single length indicate that the critical concentration that needs to be reached for aggregation to begin is relatively high, perhaps in the mid-micromolar range (52) . In certain cell culture models, far lower (low nanomolar) levels of the heterogeneous Aβ species, generated naturally by cells are associated with the appearance of small amounts of stable oligomers (53) . This observation suggests that pro-(or anti-) aggregating cellular factors may regulate the conversion of monomers to dimers and higher oligomers. In vivo, it is assumed that high local concentrations of Aβ sufficient to initiate and propagate oligomers are achieved in certain brain areas, eventually leading to the formation of microscopically visible deposits (plaques). Such high local levels have been demonstrated in the cortex of both AD patients and APP transgenic mice (54, 55) . Many of the resultant in vivo deposits appear amorphous or diffuse, indicating that the Aβ occurs principally in nonfibrillar (fine granular) aggregates. Whether some of this "pre-amyloid" material is similar to the protofibrils that form as metastable intermediates during synthetic Aβ fibrillization in vitro (56, 57) remains to be determined.
A central question about the Aβ hypothesis concerns which assembly forms of the peptide -monomers, oligomers (e.g., protofibrils), and/or mature amyloid fibrils -may be neurotoxic. Although synthetic Aβ fibrils reproducibly induce neuronal injury and loss in cell culture and after intracortical injection (58), the aggregates employed are usually complex mixtures of assembly forms that are difficult to define and quantify individually. The occurrence of neuritic dystrophy, microglial activation, and astrocytosis within amyloid plaques has long supported the hypothesis that these mature, fibrillar lesions can induce injury. However, the fibrils are likely to be in equilibrium with abundant oligomers and monomers in their immediate vicinity, since amyloid fibrils have both an on-rate and an off-rate. In postmortem AD brain tissue and the brains of older APP transgenic mice, the complex mixture of Aβ assembly forms precludes assignment of toxic effects to a particular species. However, young APP transgenic mice show altered synaptic morphology and electrophysiological changes well before the microscopic appearance of Aβ deposits (59, 60) . Because such mice show steadily rising total Aβ levels in the brain before plaques develop (55), Aβ monomers and/or oligomers could be responsible.
In an attempt to discern which species of Aβ may be synaptotoxic in vivo, we have recently taken advantage of the production by certain cultured cells of low levels (<1 nM) of highly stable oligomers (dimers, trimers, and tetramers) of naturally secreted human Aβ (53) . Microinjection of the conditioned media into the lateral ventricle of anesthetized rats potently blocked the maintenance of hippocampal long-term potentiation (LTP), an electrophysiological correlate of synaptic plasticity (61) . This medium is devoid of Aβ fibrils or protofibrils. Immunodepletion of all Aβ species fully reversed the block of LTP. To separate the effects of monomers and oligomers, we used the ability of IDE to quantitatively degrade Aβ monomers while leaving the oligomers unaltered (45) . When IDE-treated medium devoid of monomers was microinjected, LTP was still blocked, enabling us to attribute the inhibition to the oligomers. This was confirmed by treating the same cells with doses of a γ-secretase inhibitor sufficient to lower oligomer levels to undetectable levels while preserving a substantial fraction (∼60%) of the monomer. Microinjection of this medium allowed normal LTP. Therefore, natural oligomers of human Aβ, in the absence of monomers and amyloid fibrils, can disrupt synaptic plasticity in vivo at concentrations found in human brain and CSF. It remains to be seen whether such a phenomenon occurs in the AD hippocampus and could result in synaptic dysfunction -and thus memory impairmentprior to widespread neuronal death.
While these and other data suggest a direct action of Aβ oligomers on synapses, Aβ aggregates could also lead indirectly to neurotoxicity by activating microglia and astrocytes and inducing a local inflammatory response, including the triggering of the complement cascade (reviewed in ref. 62 ). It is not yet clear whether microglia are the earliest cellular responders to the accumulation of Aβ or whether neurons react just as quickly. If microglia represent the first cellular target, some of the subsequent synaptic and dendritic changes in AD cortex may be caused by inflammatory and neurotoxic factors released by microglia. During the long presymptomatic phase of AD, it is likely that many molecular and cellular changes develop contempora-neously. As a result, attempts to identify one or a few "master" pathways of AD-type neurotoxicity and inhibit them pharmacologically may well prove elusive. Given the difficulty of ascertaining the precise sequence of biochemical changes, even in mouse models of the disease, neuronal and glial toxicity, per se, are less attractive therapeutic targets than is lowering the levels of Aβ monomers and oligomers.
The Aβ cascade of AD While controversy still swirls around the concept that AD is fundamentally a cerebral amyloidosis, the number of genetic, cell biological, neuropathological, and animal modeling studies that support an initiating role for Aβ is impressive and growing apace. Because the phenotypes of the known genetic forms of AD are essentially indistinguishable from that of common, late-onset disease, all genetic (and environmental) factors ultimately found to predispose to AD may do so by altering the production or clearance of Aβ or heightening the cytopathological responses to Aβ aggregates. As discussed above, oligomeric intermediates of Aβ, rather than mature amyloid fibrils, may turn out to be the principal form though which the peptide exerts its ill effects. Therefore, the "amyloid cascade" of AD is gradually being refined into a related "Aβ cascade." Aβ oligomers may exert complex effects on surrounding neurons, microglia, and astrocytes, the cumulative effect of which is to subtly alter synaptic function, and thus information storage and retrieval. The tau-containing dystrophic neurites and neurofibrillary tangles that develop in "thinking" parts of the brain in AD are likely to be a consequence of Aβ build-up; this sequence is supported by recent studies of mice bearing both human Aβ and human tau (63, 64) . While the loss of tau function represented by paired helical filaments(PHF) formation in AD is no doubt deleterious, there are likely to be parallel molecular changes not dependent on tau that also contribute to neuronal dysfunction. The inexorable outcome of this complex process is the interruption of neurotransmission, which the physician currently attempts to correct with cholinergic replacement therapy (i.e., acetylcholinesterase inhibitors), usually to little avail.
Although the outlines of a pathogenic cascade that could explain cognitive dysfunction in Alzheimer patients are emerging, many important questions remain. What are the relative contributions of extracellular and intraneuronal Aβ accumulation in the initiation of neurotoxicity? Can one confirm that smaller Aβ assemblies (stable but diffusible oligomers) are the principal neuron-injuring and microglia-activating species? Is apoptosis of neurons an important part of the pathogenic cascade that, if inhibited, would slow or prevent brain dysfunction? Perhaps most challenging is how to explain the remarkably selective vulnerability of neuronal populations to the disease. Local and regional differences in the pathogenic process seem to arise on at least two broad levels. First, Aβ42 can accumulate chronically in some brain regions (e.g., cerebellum, striatum, and thalamus) with very little evolution to fibril-rich amyloid plaques and little associated neuritic and glial pathology. This suggests the existence of pro-or antiaggregating factors that vary among brain regions and promote or prevent Aβ42 aggregation into toxic oligomeric forms. Second, even in regions (e.g., hippocampus and cerebral cortex) where abundant Aβ oligomerization and fibrillization occur, some neurons and their processes appear to undergo no cytotoxic response. This suggests an intrinsic ability of certain neurons to resist Aβ-mediated cytotoxicity.
A new diagnostic and treatment paradigm emerges Although questions abound, the field may have accrued enough information about pathogenesis to envision a new way to manage, and ultimately prevent, the disease. In the future, individuals reaching their fifties or beyond may be offered a specific risk-assessment profile to determine their likelihood of developing AD. Such an assessment, modeled on that now widely used to judge the risk of serious atherosclerotic disease, would include inquiry about a positive family history of AD or a related dementia, identification of specific predisposing genetic factors, structural and functional brain imaging to detect evidence of presymptomatic lesions (including specific "Aβ scans"), and measurement of Aβ42, tau, and other markers of the neuropathology in CSF and, in the case of Aβ, in plasma. Based on further epidemiological experience with such assessment measures, it would be possible to estimate -first crudely and later more accurately -the likelihood that an individual will develop AD. Those at appreciable risk can be offered preventive treatment with one of several agents that are just now beginning to enter clinical trials. These include small-molecule inhibitors of γ-secretase (one of which has been used in a phase 1 study) or β-secretase (in preclinical development), as well as active or passive "Aβ vaccination". The last approach derives from mouse studies in which the repetitive parenteral administration of synthetic Aβ peptide was found to induce an antibody response that lowered cerebral Aβ levels (49) . Precisely how anti-Aβ antibodies do this is under study. Microglial clearance of Aβ-antibody complexes (50) and/or an antibody-mediated redistribution of soluble Aβ from brain into CSF and then plasma (51) may be involved. Mucosal Aβ vaccines might also be effective (65) .
If these or other approaches based on the Aβ hypothesis are shown to slow the progression of cognitive impairment, then AD will emerge as a prime example of the power of reductionist science to ameliorate a disease of the most complex of biological systems, the human cerebral cortex.
